Abstract. Overexpression of histone deacetylases (HDACs) is associated with higher metastatic rates and a poor prognosis in gastric cancer. However, the underlying mechanisms involved remain unclear. The present study aimed to investigate the molecular pathways that are involved in HDAC1-mediated metastatic activities in gastric cancer cells. First we used a microRNA (miRNA or miR) microarray to screen potential miRNAs whose expression can be altered by HDAC1 depletion. Of these miRNAs, miR-34a is important as it is often inactivated in cancer cells and acts as a tumor suppressor for various types of cancer. The reverse transcription-quantitative polymerase chain reaction (RT-qPCR) results confirmed that miR-34a was upregulated by HDAC1 knockdown. Cells depleted of HDAC1 had lower abilities to migrate, invade and adhere, which were restored by a miR-34a antagomiR. Depletion of HDAC1 also resulted in impaired microfilaments and microtubules, while co-transfection of the miR-34a antagomiR attenuated these changes in the cellular cytoskeleton. The HDAC1/miR-34a axis regulated the expression and activation of CD44 and its downstream factors including Bcl-2, Ras homolog family member A (RhoA), LIM domain kinase 1 (LIMK-1) and matrix metalloproteinase (MMP)-2. The latter three proteins were responsible for the organization of tubulin and actin cytoskeleton and the formation of cellular pseudopodia. In conclusion, results of the present study indicated that HDAC1 depletion inhibits the metastatic abilities of gastric cancer cells by regulating the miRNA-34a/CD44 pathway, which may be a potential target for the treatment of gastric cancer.
Introduction
Gastric cancer remains the fourth most common malignancy and the second leading cause of cancer-related mortality worldwide, although its incidence is gradually on the decrease in most parts of the world (1) . The currently available chemotherapeutic agents have only limited benefits for most gastric cancer patients. Therefore, identification of novel targets and an understanding of their molecular mechanisms is crucial for the treatment of gastric cancer patients.
Histone deacetylases (HDACs) are a class of enzymes that remove the acetyl groups from core histones, as well as non-histone proteins, such as p53 (2) . By modifying the status of deacetylation, HDACs induce transcriptional repression through chromatin condensation and alteration of protein activity (3) . Among the 18 HDAC family members, HDAC1 accounts for more than half of cellular HDAC activity, and cannot be compensated by other HDACs (4) . HDAC1 acts at all levels of gene expression including microRNA (miRNA or miR) regulation (5) . Overexpression of HDAC1 is significantly associated with higher lymphatic metastases and decreased 3-year survival rates in gastric cancer patients (6) . Many HDAC inhibitors have been developed, several of which have shown promise and are under investigation in clinical trials (3, 7) . However, the underlying mechanisms for the anti-metastatic activities of HDAC inhibitors, particularly for those targeting specific HDAC1 isoform in gastric cancer, remain unclear.
miRNAs are a class of short-length (21-23 nucleotides) non-coding RNAs that regulate gene expression, and are involved in various cell functions that are essential for pathological processes in gastric cancer (8) . miRNAs exert functions as tumor suppressors or oncogenes during carcinogenesis, tumor growth and metastatic dissemination (9) . miR-34a is a well-known tumor suppressor that regulates the expression of Bcl-2 (10) . miR-34a is widely suppressed in cancer cells, and the highly enriched miR-34a-responsive genes regulate cell proliferation, apoptosis and angiogenesis (10) . Therefore, miR-34a has become a promising target for developing novel (11) (12) (13) . In addition, the expression of miR-34a is positively regulated by p53 (14) and HDAC1 suppresses p53 activity via deacetylation (15) . Therefore, HDAC1 may play a role in the metastasis of gastric cancer cells by negatively regulating miR-34a.
Depletion of histone deacetylase 1 inhibits metastatic abilities of gastric cancer cells by regulating the miR-34a/CD44 pathway

Materials and methods
Cell culture. Human gastric cancer SGC-7901 (metastatic carcinoma of lymph node) and MGC-803 (poorly differentiated mucinous adenocarcinoma) cells were purchased from the Type Culture Collection Cell Bank (Chinese Academy of Sciences Committee, Shanghai, China). The cells were routinely cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 . The culture media and supplements were purchased from HyClone Co. (Logan, UT, USA). Transfection of RNAs. RNAs used in the present study included a double-strand siRNA targeting human HDAC1 (sense, 5'-CCGGUCAUGUCCAAAGUAATT-3' and antisense, 5'-ACGUGACACGUUCGGAGAATT-3'); a double-strand siRNA targeting CD44 (sense, 5'-CUCCCAGUAUGACAC AUAUTT-3' and antisense, 5'-AUAUGUGUCAUACUGGGA GTT-3'); miR-34a mimics (sense, 5'-UGGCAGUGUCUUAGC UGGUUGU-3' and antisense, 5'-AACCAGCUAAGACACU GCCAUU-3'); a non-specific scrambled double-strand RNA (sense, 5'-UUCUCCGAACGUGUCACGUTT-3' and antisense, 5'-ACGUGACACGUUCGGAGAATT-3') serving as negative control siRNAs and miRNA mimics; a miR-34a antagomiR (5'-ACAACCAGCUAAGACACUGCCA-3'); and a scrambled control antagomiR (5'-CAGUACUUUUGUGU AGUACAA-3') (GenePharma Co., Ltd., Shanghai, China). Cells were grown to 60-70% confluence, and incubated with RNAs at a final concentration of 0.1 µM using Lipofectamine™ 2000 (Invitrogen, Beijing, China) in a serum-free medium for 48 h and then subjected to assays.
miRNA microarray analysis. Total RNA was extracted using a TRIzol (Invitrogen) and RNeasy Mini kit (Qiagen, Hilden, Germany), and RNA concentrations quantified with the NanoDrop NP-1000. The samples were labeled using the miRCURY™ Hy3™/Hy5™ Power labeling kit and hybridized on the miRCURY™ LNA Array (v.18.0) (both from Exiqon, Vedbaek, Denmark). Slides were washed using a wash buffer (Exiqon), dried and scanned on an Axon GenePix 4000B microarray scanner (Molecular Devices, Downingtown, PA, USA). GenePix pro V6.0 (Molecular Devices) was used to measure the raw intensity. After background subtraction and normalization, the results were subjected to unsupervised hierarchical clustering (Cluster 3.0).
Reverse transcription-quantitative PCR (RT-qPCR).
The RT-qPCR of mature miRNAs was performed using TaqMan miRNA assays. Total RNA was harvested as above, and complementary DNA was synthesized with a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA) using an MMLV reverse transcriptase (Epicentre, Madison, WI, USA). RT-qPCR was performed by an ABI PRISM 7900 system (Applied Biosystems). Experiments were performed in triplicate, and data were presented as fold changes calculated by the 2 -ΔΔCt method. The levels of miRNAs were normalized against U6 controls. The two reverse transcription primers: 5'-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTG CACTGGATACGACACAACCAG-3', and 5'-CGCTTCACG AATTTGCGTGTCAT-3' were designed for miR-34a and U6, respectively. Two pairs of RT-qPCR primers were designed for miR-34a-5p (forward, 5'-AGGGGGTGGCAGTGTCTTAG-3' and reverse, 5'-GTGCGTGTCGTGGAGTCG-3'); and U6 (forward, 5'-GCTTCGGCAGCACATATACTAAAAT-3' and reverse, 5'-CGCTTCACGAATTTGCGTGTCAT-3'). The primers were obtained from Invitrogen (Shanghai, China).
Immunoblotting assay. An immunoblotting assay was performed as previously described (16, 17) . Briefly, the cells were lysed and protein concentrations were quantified. Cell lysates were separated by SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk, blots were probed overnight at 4˚C with primary Abs (dilutions: anti-HDAC1, 1:200; anti-CD44, 1:200; anti-Bcl-2, 1:200; anti-RhoA, 1:1,000; anti-LIMK-1, 1:1,000; anti-P-LIMK-1, and 1:1,000; anti-GAPDH, 1:2,000), and then incubated with secondary Abs (1:1,000 dilution). The signal was detected by BeyoECL plus reagent (Beyotime Institute of Biotechnology, Jiangsu, China) and visualized using a ChemiDoc™ XRS+ System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The density of each band was measured using Image Lab™ software (Bio-Rad Laboratories, Inc.).
Cell migration and invasion assays. Cell migration and invasion assays were performed as previously described (18) . For the migration assays, 2.5x10 4 cells suspended in 500 µl serum-free RPMI-1640 medium were seeded in BD Falcon cell culture inserts (8-µm pore; BD Biosciences, San Jose, CA, USA). Medium supplemented (750 µl) with 10% FBS was added into the wells of the BD Falcon TC companion plate (BD Biosciences) as the chemoattractant. After incubation for 24 h, the non-migrating cells were removed from the upper surface of the membrane by cotton swabs. The cells on the lower surface were fixed in 4% paraformaldehyde, stained with Giemsa reagent (Jiancheng Biotechnology, Nanjing, China) and air dried. The cells were then counted at a magnification of x100 in five random fields, using an IX71 inverted phase contrast fluorescence microscope (Olympus, Tokyo, Japan) and photographed with a digital camera. For the invasion assays, the method was similar to that of the migration assays. The cells were placed into the BD BioCoat Matrigel invasion chambers (8-µm pore; BD Biosciences), which were coated with the Matrigel matrix and rehydrated for 2 h with pre-warmed culture medium at 37˚C, in a humidified atmosphere of 5% CO 2 . After incubation for 48 h, the non-invading cells were removed. The cells attached to the lower surface were then fixed, stained, air dried, counted and photographed.
Cell adhesion assay. Plates (96-well) were coated with fibronectin (80 µg/ml; Sigma, St. Louis, MO, USA) overnight at 4˚C, and blocked with 2.0% bovine serum albumin at 37˚C for 1 h in a humidified incubator. The cells were seeded at a concentration of 1x10 4 cells/well and allowed to adhere for 1 h. The non-adherent cells were then washed away with phosphate-buffered solution and the adherent cells were subjected to CCK-8 assays to read optical density (OD) values using a CCK-8 kit (Dojindo Molecular Technologies, Beijing, China).
Immunofluorescence assay. The cells were fixed with 4% paraformaldehyde and then permeabilized in 0.1% Triton X-100. For β-tubulin staining, the cells were blocked in 10% normal goat serum, incubated with the anti-β-tubulin Ab for 90 min, followed by incubation with the biotin-conjugated secondary Ab for 30 min, and then stained with the SABCCy3 for 30 min. For F-actin staining, the cells were stained with FITC-conjugated phalloidin for 40 min. The cells were then counterstained with 4',6-diamidino-2-phenylindole (DAPI) for 15 min, and images were captured with an IX71 inverted phase contrast fluorescence microscope (Olympus).
Gelatin zymography. A gelatin zymography assay was performed as previously described (18) . Cells (30.0x10 4 ) were seeded in 6-well plates and starved with serum-free medium for 24 h. The conditioned medium was collected and ultracentrifuged. The respective centrifuged medium (40 µl) was separated by 10% SDS-PAGE gels containing 2 mg/ml gelatin (Sigma) on ice under non-reducing conditions. After the electrophoresis, the gels were incubated in the zymogram renaturing buffer (2.5% Triton X-100 in deionized water) twice with gentle agitation for 40 min at room temperature. The zymogram renaturing buffer was decanted and replaced with zymogram-developing buffer (50 mM Tris-HCl, 5 mM CaCl 2 , 0.02% Brij-35, 0.2 M NaCl, pH 7.6). The gels were equilibrated for 30 min at room temperature with gentle agitation, and incubated with a fresh zymogram-developing buffer at 37˚C for 42 h. Subsequently, the gels were stained with 0.1% (w/v) Coomassie blue R-250 for 30 min at room temperature, followed by destaining with an appropriate Coomassie blue R-250 destaining solution [methanol, acetic acid, water (30:10:60)]. Clear bands against the blue background represented areas of gelatinolysis. Those bands were photographed using a ChemiDoc™ XRS+ System (Bio-Rad Laboratories, Inc.).
RhoA-GTP pull-down assay. Active RhoA was pulled down from whole cell lysates using a RhoA Activation Assay kit (NewEast Biosciences, Malvern, PA, USA). Briefly, the cells were grown to 80-90% confluence, lysed in the presence of protease inhibitors, and centrifuged. The supernatant was incubated with anti-active RhoA Ab (1:1,000 dilution) and protein A/G Agarose bead slurry at 4˚C for 1 h. The beads were washed and resuspended in SDS-PAGE sample buffer, and GTP-bound RhoA was immunoblotted.
Statistical analysis. Experiments were performed in triplicate and repeated at least three times. Data are presented as mean values ± standard deviation. Comparisons were made using one-way analysis of variance followed by Tukey's post-hoc test with SPSS statistical software (version 21.0). P<0.05 was considered to indicate a statistically significant result.
Results
Depletion of HDAC1 results in the upregulation of miR-34a
in gastric cancer cells. First, we used a specific siRNA to knock down the expression of HDAC1 in SGC-7901 cells. As shown in Fig. 1A and B, the expression of HDAC1 was significantly downregulated 48 h after HDAC1 siRNA transfection, while the control siRNA had no effect on the expression of HDAC1. We then examined the global miRNA expression in cells transfected with control and HDAC1 siRNAs using a miRCURY™ LNA Array (Fig. 1C and Table I ). The miRNA array data supported our hypothesis that the expression of miR-34a was significantly upregulated by knockdown of HDAC1. Consistently, the RT-qPCR analysis confirmed that HDAC1 siRNA transfection significantly increased the cellular expression level of miR-34a by ~4-fold compared to the control siRNA (Fig. 1D) .
Knockdown of HDAC1 inhibits the abilities of gastric cancer cells to migrate, invade and adhere by regulating miR-34a.
It has been reported that a high expression of HDAC1 is positively correlated with metastasis in gastric cancer (6), thus we examined whether HDAC1 depletion affects the ability of SGC-7901 and MGC-803 cells to migrate, invade and adhere. Transfection of HDAC1 siRNA led to markedly reduced number of SGC-7901 cells ( Fig. 2A and B) and MGC-803 cells (Fig. 2C and D) that had migrated and invaded through the Transwell membranes. Quantitative analysis confirmed that the numbers of migrated and invaded SGC-7901 cells were highly significantly lower by 86.7 and 54.5%, respectively, in HDAC1 siRNA-transfected cells, compared with controls ( Fig. 2E and F) , and the number of those MGC-803 cells was significantly lower by 73.4 and 61.1% ( Fig. 2G and H) . In miR-34a mimics-transfected cells, the numbers of migrated and invaded cells were markedly decreased compared with the controls, while co-transfection with HDAC1 siRNA and miR-34a mimics further decreased those numbers (Fig. 2E-H) . By contrast, transfection of a miR-34a antagomiR significantly increased the numbers of migrated and invaded cells compared with the controls. In addition, when cells were co-transfected with HDAC1 siRNA and miR-34a antagomiR, the number of migrated cells was significantly lower than cells transfected with miR-34a antagomiR alone, and significantly higher than those transfected with HDAC1 siRNA alone (Fig. 2E-H) . HDAC1 siRNA or miR-34a mimics significantly reduced, while miR-34a antagomiR significantly increased, the number of adhered cells as expressed by OD values, compared with the controls (Fig. 2I) . Co-transfection with HDAC1 siRNA and miR-34a antagomiR resulted in a significantly lower number of adhered cells than miR-34 antagomiR alone, and a significantly higher number of adhered cells than HDAC1 siRNA alone (Fig. 2I ).
HDAC1 and miR-34a axis regulates cellular cytoskeleton.
The above cells were immunostained with phalloidin for the presence of microfilaments, an anti-β-tubulin Ab for the presence of microtubules, and DAPI for the nuclei. As shown in Fig. 3 , the cells transfected with control siRNA and antagomiR presented clear and intact microfilaments, and intact microtubules with well-formed dendrites. In cells depleted of HDAC1, microfilaments and microtubules were impaired and blurred, leading to a rounder cell appearance without obvious pseudopodia. The cells transfected with miR-34a antagomiR had a more stretched arrangement of microfilaments and microtubules, with obvious spread-out and long dendrites. Co-transfection with miR-34a antagomiR partially restored the impaired microfilaments and microtubules in cells transfected with HDAC1 siRNA. However, the cells still showed a poorly organized cytoskeleton and weakened dendrites (Fig. 3) .
HDAC1/miR-34a regulates the expression of CD44 in gastric cancer cells. CD44 is a cell-surface adhesion glycoprotein involved in cell adhesion, homing, migration and apoptosis resistance and the development of anti-CD44 tumor-specific agents has become a realistic therapeutic approach (19) . In the present study, we demonstrated that the transfection of miR-34a mimics significantly downregulated, while miR-34a antagomiR upregulated, the expression of CD44 in gastric cancer cells, compared with control mimics (Fig. 4A and B) . Transfection of HDAC1 siRNA significantly reduced the expression of CD44 and Bcl-2 ( Fig. 4C and D) , with the latter being a well-studied Figure 3 . The effects of HDAC1/miR-34a on cellular cytoskeleton. The cells in Fig. 2 were subjected to immunofluorescence assay. F-actin was immunostained by phalloidin for the presence of microfilaments (green); β-tubulin was detected by an anti-β-tubulin antibody for the presence of microtubules (red); and cell nuclei were counterstained by DAPI (blue). The three images (magnification, x400) from the same cells were merged to produce virtual color (red, green and blue) images. HDAC1, histone deacetylase 1.
target protein of miR-34 (10). Co-transfection of miR-34a mimics and HDAC1 siRNA did not significantly alter the expression levels of CD44 and Bcl-2, compared with miR-34a mimics alone, whereas it slightly reduced the expression of CD44, and significantly reduced the expression of Bcl-2, compared with miR-34a antagomiR alone (Fig. 4C and D) .
HDAC1 and CD44 regulates proteins responsible for the cellular cytoskeleton. Transfection of HDAC1 or CD44 siRNA downregulated the expression of RhoA and P-LIMK-1, and reduced RhoA activity as evidenced by a lower level of GTP-bound RhoA. However, it had no effect on the expression of LIMK-1, compared with the controls (Fig. 5A-C) . The simultaneous depletion of HDAC1 and CD44 resulted in further downregulation of RhoA and P-LIMK. However, the level of GTP-bound RhoA in the double knockdown cells was only slightly lower than cells depleted of HDAC1 or CD44 alone (Fig. 5A-C) . The immunoblotting results showed that the level of supernatant MMP-2 protein was reduced by the depletion of HDAC1 or CD44, and the results were supported by gelatin zymography assays, which showed that depletion of HDAC1 or CD44 reduced the level of active MMP-2 (Fig. 5D) . 
Discussion
The present study has, to the best of our knowledge, demonstrated for the first time that HDAC1 depletion inhibits the metastatic abilities of gastric cancer cells by regulating the miR-34a/CD44 pathway. Depletion of HDAC1 significantly upregulated the expression of miR-34a, and inhibited the abilities of gastric cancer cells to migrate, invade and adhere, impaired the organization of microfilaments and microtubules and impaired the formation of cellular pseudopodia. These effects were restored by a specific miR-34a antagomiR. The HDAC1 and miR-34a axis regulates the cellular cytoskeleton by mediating the expression and/or activation of CD44 and the downstream proteins including RhoA, LIMK and MMP-2. Given that HDACs are overexpressed in cancer, inhibition of HDACs arrests cell cycling and often drives cancer but not normal cells, into cell death pathways, attention has been given to using HDAC inhibitors for cancer treatments (5) . HDAC has also exhibited a profound impact on the expression of microRNAs, resulting in changed expression of ~40% of these microRNAs (20) . Pan-HDAC inhibitors have been demonstrated to regulate the expression of miRNAs in cells of colon carcinoma, lymphoma and breast cancer (21) . In accordance, in the present study we have shown that depletion of HDAC1 by siRNA resulted in an altered expression of 101 differentially expressed miRNAs matching the 4-fold threshold in gastric cancer cells. miR-34, a transcriptional target of p53, is a potent tumor suppressor that inhibits a broad range of cancer cells by repressing a plethora of oncogenes that control cell proliferation, senescence, apoptosis and metastasis (10, 22) . The miR-34 family comprises three processed miRNAs that are encoded by two different genes: miR-34a is encoded by its own transcript, whereas miR-34b and miR-34c share a common primary transcript (10) . miR-34a is often found inactivated in cancer cells (10) . It has been reported that inhibition of HDAC1 mimics the miR-34a phenotype (22) . In the present study, we have further demonstrated that depletion of HDAC1 upregulated the expression of miR-34a, but had little effect on the expression of miR-34b or miR34c, suggesting that overexpressed HDAC1 exerts its actions on gastric cancer cells by dysregulating miR-34a. The results are also supported by a study that Vorinostat, an HDAC inhibitor, restored the expression of miR-34a in pancreatic cancer stem cells (23) .
The present study has also demonstrated that the antimetastatic effects of HDAC1 depletion are mediated by regulating the expression of CD44 via miR-34a. Consistently, the expression level of HDAC1 was positively correlated with that of CD44 in chronic lymphocytic leukemia (7) and HDAC1 inhibitors reduced the expression of CD44 via indirect mechanisms in hepatocellular carcinoma cells (24) . CD44 is a direct and functional target of miR-34a as CD44 knockdown phenocopies miR-34a overexpression in inhibiting the metastasis of prostate cancer cells (25) . CD44 is a cell-surface adhesion glycoprotein involved in cellular adhesion, migration and apoptosis resistance, and is highly expressed in numerous cancer cells (26) . CD44 indirectly links to actin by interacting with ERM proteins (ezrin, radixin and moesin) (27) . Knockdown of CD44 disturbs the organization of actin cytoskeleton and the formation of cellular pseudopodia (28) . CD44 interacts with RhoGEF to activate RhoA, which modulates cell motility through the actin cytoskeleton, and promotes the lymphatic metastasis of human gastric cancer cells (29) . The activated RhoA also activated LIMK-1, which is a key regulator of cytoskeletal organization involved in the migration and proliferation of cancer cells (30) . In the present study, we have shown that depletion of CD44 also reduced the level of supernatant MMP-2 protein and the activity of MMP-2, thus attenuating the cell invasion ability since MMP-2 selectively increases the degradation of extracellular matrix components, and facilitates tumor invasion and metastasis (31).
In conclusion, the proposed mechanism by which depletion of HDAC1 inhibits metastatic abilities of gastric cancer cells via the miR-34a/CD44 pathway is shown in Fig. 6 . HDAC1 downregulates the expression of miR-34a, which in turn dysregulates CD44 mRNA, leading to the over expression of the CD44 protein. CD44 indirectly links to actin by interacting with ERM proteins (27) , and activating RhoA by interacting with RhoGEF. Activated RhoA guides the polymerization of tubulins and actins by activating LIMK, which mediates the accumulation of microfilaments and microtubules and cellular pseudopodia (32, 33) . CD44 also regulates the expression and activation of MMP-2 (34), which indirectly activates RhoA.
